Since the last decade, there is a growing need for patterned biomolecules for various applications ranging from diagnostic devices to enabling fundamental biological studies with high throughput. Protein arrays facilitate the study of protein -protein, protein -drug or protein -DNA interactions as well as highly multiplexed immunosensors based on antibody -antigen recognition. Protein microarrays are typically fabricated using piezoelectric inkjet printing with resolution limit of 70-100 mm limiting the array density. A considerable amount of research has been done on patterning biomolecules using customised biocompatible photoresists. Here, a simple photolithographic process for fabricating protein microarrays on a commercially available diazo-naphthoquinone-novolac-positive tone photoresist functionalised with 3-aminopropyltriethoxysilane is presented. The authors demonstrate that proteins immobilised using this procedure retain their activity and therefore form functional microarrays with the array density limited only by the resolution of lithography, which is more than an order of magnitude compared with inkjet printing. The process described here may be useful in the integration of conventional semiconductor manufacturing processes with biomaterials relevant for the creation of next-generation bio-chips.
Since the last decade, there is a growing need for patterned biomolecules for various applications ranging from diagnostic devices to enabling fundamental biological studies with high throughput. Protein arrays facilitate the study of protein -protein, protein -drug or protein -DNA interactions as well as highly multiplexed immunosensors based on antibody -antigen recognition. Protein microarrays are typically fabricated using piezoelectric inkjet printing with resolution limit of 70-100 mm limiting the array density. A considerable amount of research has been done on patterning biomolecules using customised biocompatible photoresists. Here, a simple photolithographic process for fabricating protein microarrays on a commercially available diazo-naphthoquinone-novolac-positive tone photoresist functionalised with 3-aminopropyltriethoxysilane is presented. The authors demonstrate that proteins immobilised using this procedure retain their activity and therefore form functional microarrays with the array density limited only by the resolution of lithography, which is more than an order of magnitude compared with inkjet printing. The process described here may be useful in the integration of conventional semiconductor manufacturing processes with biomaterials relevant for the creation of next-generation bio-chips.
Introduction:
There is strong motivation for the development of patterning methods for biomolecules because of the wide interest and requirement in biosensing devices, bio-MEMS and for various multianalyte diagnostic assays. A significant amount of work has been done on immobilising biomolecules onto substrates such as silicon, silicon dioxide/glass and even plastic materials [1] [2] [3] [4] [5] [6] [7] [8] . The patterning of immobilised biomolecules typically relies on piezoelectric inkjet printing which results in spot sizes of the order of 100 mm [9] . Being able to pattern at much smaller length scales will lead to the creation of high-density microarray spots with potentially higher multiplexing ability than what is currently possible. Several groups have tried to improve the density of microarrays by following lithographic methods including photolithography, e-beam lithography and nanopen lithography [9] [10] [11] [12] . Among these, photolithography is the most promising and technologically viable method because of the fact that it is a parallel process, that is the entire pattern is created in one step instead of spot by spot printing as in the case of scanning techniques such as e-beam and nanopen lithography and even inkjet printing. In the context of biological micropatterning based on photolithography, the incompatibility between the harsh procedures involved in conventional semiconductor fabrication and stability requirements for immobilised proteins is a big challenge that needs to be overcome to fabricate lithographically patterned protein microarrays [10] [11] [12] . In this respect, there has been significant progress in the development of biocompatible specialised photoresists by Petrou et al. [10] . In a similar vein, there has been work related to photopatterning of linker molecules such as photocleavable biotin [13] . However, these techniques require the use of specialised chemicals which tend to be more expensive than conventional resists and reagents used in standard processes. Therefore it is desirable to develop processes that use standard materials and protocols. In this context, Joshi et al. have functionalised SU-8, which is a widely used negative tone photoresist, using a simple protocol by hydrolysing the epoxy groups in SU-8 followed by silanisation [14] . Other groups have also demonstrated the immobilisation of DNA and proteins on SU-8 based on more elaborate procedures [15, 16] . The technique described in this Letter uses photolithography to pattern a commercially available positive photoresist based on the diazo-naphthoquinone-novolac (DNQ-novolac) formulation. The patterned photoresist is silanised using a commonly used silanising agent, 3-aminopropyltriethoxysilane (APTES). We show in this Letter that this process leads to the immobilisation of functional proteins on the silanised photoresist surface. The functionality and specificity of the immobilised proteins are demonstrated with a model avidin-biotin protein-binding assay.
The process described here does not require any specialised chemicals unlike other procedures reported in the literature. Moreover, a lithographic protein-patterning method can be used to create microarrays with orders of magnitude higher densities than conventionally used inkjet printing which is limited to resolutions of the order of 100 mm. Lithographic patterning has a much higher throughput as it is a parallel fabrication process unlike inkjet printing, which is a serial (spot by spot) process. The main disadvantage of this technique is that it is currently limited to microarrays of a single protein. However, there are many applications where separate high-density microarrays with each microarray consisting of a single protein can be used to screen multiple proteins in a sample [17, 18] . Therefore the current limitation of this technique is not severely restrictive.
2. Experimental procedure 2.1. Materials: The experiments were carried out on 1-mm-thick glass substrates. The photoresist used in our experiments was a positive photoresist namely, S1813, procured from Shipley Co. The developer used was a mixture of MF319 developer (Microposit Co.) and DI water in the ratio 1:4. Photolithography was carried out with an EVG 620 Mask Aligner in a class 100 clean room. The patterned photoresist surface was modified using a 2% solution of 3-APTES in toluene, both procured from Sigma Aldrich Co. The proteins used were fluorescein isothiocyanate (FITC)-conjugated bovine serum albumin (FITC-BSA) and FIC-conjugated Biotin (FITC-Biotin) and non-fluorescent avidin from egg white, all procured from Sigma Aldrich Co.
Photolithography process:
The glass substrate was cleaned with Piranha solution, consisting of 3:1 volumetric mixture of concentrated sulfuric acid and hydrogen peroxide, for 15 min, then rinsed in DI water and blow dried using nitrogen. The substrate was then baked at 2008C for 5 min to remove moisture present on the substrate. The substrate was then spun with the positive resist S1813, at 4000 rpm for 40 s and soft baked at 1008C for 1 min to remove the volatile solvents in the resist formulation. The substrate was then UV exposed through a bright field mask in the mask aligner for 10 s and then developed in the developer solution for 10 -15 s. Samples were then soaked in DI water and then dried in nitrogen. The presence of patterned photoresist layer was verified with a bright-field microscope.
Surface modification and protein immobilisation:
The substrates with photoresist patterns were silanised by immersing the substrates for 1 h in a freshly prepared solution of 2% APTES in toluene. The samples were then rinsed in toluene to remove the unattached APTES and blow dried in N 2 . Ten to 20 ml of FITC conjugated FITC-BSA with 100 mg/mL concentration in phosphate buffered saline (PBS) buffer was smeared on to the substrates and then the samples were incubated for 1 h. After protein incubation, the samples were observed under a fluorescence microscope to check for protein attachment. To check the protein activity, we performed a protein assay using immobilised avidin exposed to FITCbiotin. avidin from egg white was immobilised onto the photoresist patterned substrate by incubating it with a 100 mg/mL solution of avidin for 1 h. Subsequently, a 100 mg/mL solution of FITCbiotin was incubated on the sample to check the activity of immobilised avidin which is indicated by the presence of fluorescence from the microarray. To verify the specificity of the assay, we immobilised a separate avidin immobilised microarray with a 100-mg/mL solution of FITC-BSA, which is a non-specific protein.
Fluorescence images were captured on an Olympus IX 71 fluorescence microscope equipped with a DP71 CCD camera with exposure time of 600 ms. We used green and red fluorescence filter sets for our experiments. The green fluorescence mirror unit (Olympus U-MWB2), incorporated a 460 -490 nm excitation filter and a 520 long pass emission filter while the red fluorescence filter unit (Olympus U-MWG2) incorporated a 510-550 nm excitation filter and a 590 nm-long pass emission filter. Image intensities were quantified using the open source software ImageJ from NIH, USA. Atomic force microscopy (AFM) imaging was carried out on a Nanosurf EasyScan 2 in the tapping mode. The images were captured using the dedicated SPM software, customised to suit the EasyScan 2 system.
Results and discussion:
We have successfully illustrated a simple process for fabricating protein microarrays, as shown in the Fig. 1 . It is seen that the resist is not completely stripped off but retained as part of the final device. Figs. 2a-c show the result from incubating 100 mg/mL of FITC-BSA on the silanised photoresist pattern prepared as mentioned in the previous section. The green fluorescence observed from the pattern indicates the selective attachment of FITC-BSA on to the photoresist pattern. The spot size in this case is 10 mm which is an order of magnitude smaller than what is possible with inkjet printing. It should be noted that APTES is incubated over the entire substrate which includes the photoresist as well as the glass surface. The higher fluorescence intensity from the silanised photoresist surface compared with the glass surface indicates a higher amount of protein binding to the silanised photoresist surface.
We confirmed that the protein is indeed immobilised on the photoresist in two ways. First, we performed tapping mode AFM imaging of the protein immobilised samples and verified that the features in the AFM image exactly correspond to the features observable in the fluorescence image. From Figs. 2 and 3 , we see that not only does the AFM and fluorescence image patterns match, but also the thickness of the photoresist in the AFM image is 800 nm to 1 mm, which is too large for a protein monolayer (or a few molecular layers) linked to the glass surface by the silane layer. The large measured thickness of the fluorescent spots implies that the fluorescently labelled proteins are bound on a relatively thick residual photoresist layer.
As a further proof, we looked at the correlation of the fluorescence images obtained using the green and red filter sets described in Section 2.3. The fluorescence emission from FITClabelled protein was observed with a green filter set that had a 520 long pass emission filter. By using a red filter set with a 590 long pass filter, we were able to cut-off the fluorescence from FITC and measure only the autofluorescence from the photoresist in the red part of the spectrum as shown in Figs. 4b and d. SU-8 photoresist, in contrast, has strong autofluorescence in the green part of the spectrum [19] which interferes with common green fluorophores such as FITC. Images shown in Figs. 4a-d were obtained from the same spatial location using green and red filters, respectively. By comparing the fluorescence images obtained with the green fluorescence and red fluorescence filter sets in the microscope, we were able to exactly correlate the spatial pattern of the fluorescently labelled proteins and the photoresist pattern. As seen in Fig. 4 , the fluorescence images from the green and red channels are exactly correlated, which clearly demonstrated that the protein is selectively immobilised on the photoresist pattern and not on the bare surface.
The results described here raise the question of the mechanism involved in protein binding to the silanised resist surface. We present a possible mechanism for the observation based on previous work on silane-mediated functionalisation of SU-8 photoresist [14] . First, we investigated the role of silanisation in the protein attachment process by comparing the protein loading on bare photoresist and on silanised photoresist. Fig. 5a shows the fluorescence image after incubating 100 mg/ml of FITC-BSA on a bare, non-silanised photoresist pattern, obtained using the green filter set described earlier. The red spots notable in Fig. 5a are caused by the autofluorescence of the photoresist. As mentioned earlier, the green fluorescence filter set used to obtain this image, has a 520 nm-long pass emission filter which means the CCD camera will record the green fluorescence from FITC as well as the red fluorescence from the photoresist. The absence of green fluorescence on the non-silanised photoresist pattern indicates poor protein attachment on the bare photoresist. However, when we silanise the photoresist Previously, Joshi et al. [14] reported the immobilisation of proteins on silanised SU-8 surfaces where the epoxy group on the SU-8 surface was hydrolysed with sulpho-chromic acid leading the formation of -OH groups on the surface which reacted with the alkoxysilane group. In our case, the positive photoresist that we used, namely Shipley 1813, is based on a cresol-novolac resin [20] which has an -OH group present in the repeating unit [21, 22] . We postulate that these -OH groups react with the alkoxysilane Figure 3 AFM image of silanised photoresist pattern (a) and cross-section AFM (b) shows a step height of 700 nm indicating the fluorescent protein is indeed sitting on top of a thick residual photoresist layer Figure 4 Correlation between the green and red fluorescence images a and c Images using the green fluorescence filter set which captures the fluorescent emission from the FITC-labelled protein b and d Images captured using the red fluorescence filter set from the same location as images a and c, respectively Red fluorescence filter shows only the autofluorescence from the photoresist by cutting off the FITC fluorescence. The exact correlation between the images captured using green and red filter sets clearly demonstrate functionalisation of the positive photoresist by our method group in the same manner as reported by Joshi et al. [14] previously leading to the silanisation and consequent attachment of proteins.
To verify the activity of the immobilised proteins, we incubated 100 mg/mL of FITC-biotin on avidin immobilised on the patterned photoresist. The green fluorescence from the microarray pattern observed in Fig. 6a shows that the avidin immobilised on silanised photoresist was active and therefore able to bind the fluorescently tagged biotin molecules. To verify the specificity of binding, we incubated 100 mg/mL of FITC-BSA, a non-specific protein to the immobilised avidin on the silanised photoresist. From Fig. 6b it is evident that there is no significant non-specific binding.
We also conducted wash stability tests on the immobilised proteins to assess the strength with which they are bound to the surface. The normal wash process for the samples in our study was a 1 to 2 minute wash with PBS buffer. To assess the binding strength of the protein molecules to the surface, we performed extended washing with PBS buffer for up to 12 min and observed the fluorescence images. Fig. 7a shows the result with normal wash, whereas Figs. 7b and c show the results with 9-and 12 min-long washes, respectively. From the Figures we see that extended washes reduce the amount of fluorescence from the PR surface, which may be attributed to the fluorescently labelled proteins being washed away from the surface. We quantified this effect by calculating the number of pixels with intensities above a fixed threshold set at 200, as a function of wash time. We see from Fig. 7d that in spite of an unusually long was time of 12 min, 20% of the proteins still remain on the surface. With 9-min wash times 30% of the proteins are still bound to the surface. Typical wash times in practical applications are in the range of 1-2 min. Therefore based on these results, we can clearly say that the proteins are bound relatively strongly to the silanised PR surface.
Conclusions:
We have demonstrated a simple method to functionalise a commercially available positive tome photoresist. The majority of the previously reported photolithography based biopatterning methods rely on customised biocompatible photoresist formulations. The method described here is based on silanisation of the -OH-rich DNQ-Novolac commercially available photoresist patterned with photolithography. We demonstrated that the silanisation is a critical step in the attachment of proteins to the photoresist pattern. On bare, non-silanised photoresist there was no protein attachment. We believe that the process described here may be useful in the integration of conventional semiconductor manufacturing processes with biomaterials relevant for the creation of nextgeneration bio-chips.
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